Compression behavior of 15-267/$/o Saffilr" short-fiber reinforced Al-l.l'iwt.%Cu alloy metal matrix composites has been determined over a strain-rate range of approximately lop4 to 2 x lo3 s-I. The strain-rate sensitivity of composite samples at 4% strain, tested parallel and normal to the plane of reinforcement, was found to be higher than that of unreinforced alloy in the strain-rate range studied. Quantitative analysis of fiber fragment lengths from samples tested to different strain levels showed that, at small strains, high strain-rate testing induced a relatively shorter fiber fragment length distribution in the composite compared to quasi-static testing. At quasi-static strain rates, the fiber strengthening effect was found to increase with increasing V?h and was higher in samples tested parallel to the planar random array. The observed anisotropy of the composite at quasi-static strain rates was also observed to continue into the high strain-rate regime.
Introduction
Metal matrix composites (MMCs) are f%rding steadily more applications in the aerospace, automobile and defense industries. In many of these applications, high strain-rate loading may occur, for example, in the sudden impact of foreign objects on aircraft turbine blades or collisions of cars. Therefore, the high strainrate mechanical response of MMCs is important in present and future applications in these industries.
Knowledge of the quasi-static response of MMCs is needed and constitutes the basic material parameter database for designing with MMCs for structural applications at present. Parameters such as yield strength and modulus are well known and have been studied widely at quasi-static strain rates. The associated fracture mechanisms in MMCs at these rates are also well determined. However, few studies have been conducted on the high strain-rate response of MMCs and most of these have concentrated on particulate and whisker reinforced composites. The main aim of the present study has been to determine the possible rate sensitivity of a short-fiber MMCs properties as compared with the unreinforced alloy.
Harding and Taya [l] carried out tensile testing on Sic whisker (SIC,) reinforced 2124 aluminum alloy over the strain-rate range from 10m3 to 1.5 x lo3 s-l and observed that the yield stress, Young's modulus and fracture strain of the composite increased with the strain rate. Vaziri et al. [2] performed compression tests on SIC and Al,O, particle reinforced 6061 alloys and found a higher strain-rate sensitivity of the flow stress for the composite when compared with the monolithic alloy. Yadav et al. [3] observed the same effect for Al,O, particulate reinforced 6061 alloy and suggested that the higher rate sensitivity of the composite is due to the imposed strain rate rather than the changing of the internal structure.
In the examples given above, no significant fracture of the remforcement is expected during quasi-static or dynamic loading due to its low aspect ratio. However, in the case of short-fiber reinforced composites tested quasi-statically and dynamically, fiber fracture may be expected to affect the mechanical response of the composite because fiber fracture can cause a decreasing load carrying ability and, hence, lead to catastrophic stress relaxation in the matrix. The critical aspect ratio of the reinforcement depends on the matrix yield stress and, therefore, any increase of yield stress will induce a lower critical fiber aspect ratio and subsequently cause fracture of fibers to smaller fragment lengths. Therefore, in contrast to particulate and whisker reinforced MMCs, fiber fracture effects may be important factors affecting the dynamic mechanical properties of shortfiber reinforced MMCs.
In the present study we have observed the static and dynamic mechanical property response of a short-fiber reinforced MMC, and considered fiber fracture effects and other basic mechanical properties. MMCs and the corresponding unreinforced alloy are compared in order to isolate the effect of fibers on the mechanical properties. The quasi-static mechanical properties of Saffil reinforced aluminum and magnesium alloys are well known [4-61. However, the majority of these studies have considered only tensile properties and there exists little information on the compression properties [7] , even at quasi-static rates of strain. It is, therefore, believed that this study also provides considerable new information on the compression properties of shortfiber MMCs over a wide strain-rate range. Fiber orientation effects are included by testing the MMC in different directions.
Experimental
The composite material studied contained approximately 15, 20 or 26 vol.% (I':?) of Saffil (ICI Trade Mark) short fibers, about 3 kern in diameter and about 500 pm in length before processing, in an All. 17wt.%Cu alloy matrix. Samples were produced in the form of discs 20 mm thick and 100 mm in diameter by a squeeze casting @e-form infiltration) process by Honda R and D Co., Japan. A SiO, binder was used to give integrity to the pre-form. During squeeze casting, pressure is applied to the solidifying liquid metal so that it infiltrates the interstices of a pre-form. The direction of the pressure is normal to the plane of the pre-form and leads to an almost planar-random preferred fiber orientation with resulting microstructural and mechanical property anisotropy. Fig. 1 shows the approximately planar random fiber distribution.
All samples were given a homogenizing heat treatment to minimize microstructural differences between unreinforced and composite samples.
In order to identify fiber orientation effects, slices were cut from orientations such that the testing direction would be normal to (N), or parallel to (P), the planar random plane of the as-received composite. In the P orientation, therefore, fibers are inclined to the loading axis over the whole range of angles between 0 and 90" whereas, in the N orientation, fibers are almost normal to the loading direction except for minor inclinations out of the planar random plane. Cylindrical compression samples 8 mm in diameter, and with an aspect ratio (length/diameter) of 1, were prepared by core drilling. The specimen faces were polished to a 3 ltrn diamond finish to ensure fiat and closely parallel surfaces for split Hopkinson pressure bar testing.
For the determination of fiber fragment lengths, small samples of tested and untested composite were digested with 30% HCl to remove the matrix. After complete digestion of the sample, the acid was gently agitated and a drop of solution was dried either on a glass microscope slide or 1 um filter paper. The former were used for quantitative fiber length measurements using optical microscopy and computerized image analysis. The latter were gold coated for scanning electron microscopy (SEM) and used for qualitative observation of the fiber fragment size distribution.
Mdmnical testing
Quasi-static and dynamic compression tests were conducted using a screw-driven Instron machine and a split Hopkinson pressure bar (SHPB) respectively. Both types of tests were conducted on specimens with the same aspect ratio. Tests were conducted on composite and identically produced but unreinforced matrix material in order to separate the effects of matrix and reinforcement on the compression behavior.
In quasi-static tests, strain gages were mounted on the side of each specimen and strain values up to about 5% were obtained directly from the gages: higher strains were calculated from the machine output. Some of the Instron tests were conducted until the strain gage detached, and the final strain of the sample was measured with a micrometer and compared with the strain gage readings. Negligible difference was found between measured strain and strain gage readings, showing nearly uniform uniaxial compression of the samples.
The SHPB apparatus consists of 19 mm diameter Inconel 718 striker, incident and transmitter bars which are 724, 3658 and 1830 mm in length, respectively. Further details of the specific SHPB apparatus can be found elsewhere [8] . In order to recover samples tested at different strain rates but to similar strain levels, for comparison of microstructure and the extent of fiber fragmentation, some tests were carried out with large diameter ring-shaped steel collars of different lengths to restrict the axial strain in the specimen. The collars were loose-fitting and imposed no radial constraint. Typical test data obtained using a collar are shown in Fig. 2 in which the transmitted wave can be seen to be divided into two regions. The first region shows elastic and plastic deformation of the specimen and the second region corresponds to plastic deformation of the specimen and elastic deformation of the collar. Since deformation in the second region is dominated by elastic deformation of the collar, plastic deformation of the specimen is limited to a small inertial value depending on the strain rate and the strain involved in each test. For example, for a specimen which experienced a total strain of 7.0"/0 at the highest strain rate used in the tests, only 0.3% occurred in the second region. Therefore, specimen deformation in the second region can be neglected. More detailed information about the SHPB technique and data reduction method are given elsewhere [9] . . Typical quasi-static stress-strain curves of composite and matrix to about 5% strain using strain gaged samples.
Results

Quasi-static testing
Typical quasi-static ( -1 x 10 -' s-') stress-strain curves of the MMCs and matrix samples are shown in Fig. 3 ; the strain gages detached after approximately 5% strain but samples never broke. (The sample designation shows fiber volume fraction, and testing direction, either normal (N) or parallel (P) to the planar random fiber plane.) The 15 and 20 V,% composites were tested in both P and N directions, while 26Vp/o composites was only tested in the N direction.
The strengthening effect of the fibers is shown in Fig.  4 which presents the flow stresses of the composite samples at 4% strain minus the corresponding flow stress of the unreinforced matrix, (crz -0:). The flow stress at 4% strain was chosen for reasons which will be explained further below. Strengthening of the samples tested in the P direction is found to be significantly higher than those of samples tested in the N direction. For example, the ratio of flow stresses at 4% strain in the P and N directions for 15 and 2OV,% samples are found to be about 1.3 and 1.25, respectively. These The highest fiber strengthening effect measured, 82%, was for the 20 VP/o P samples. The strengthening effect for N samples was relatively lower, reaching only 48% for 26Vp/o samples.
Although the tensile fracture strain of the Saffil fibers is reported to be about 0,7% [ll], the work hardening rate was not observed to decrease substantially before about 3% strain. Therefore, continued strengthening of the matrix by short fibers after strains equivalent to their fracture strain is due to their being subsequently reloaded and reduced to shorter and shorter lengths, as will be demonstrated below. Similar continued strengthening effects are observed in compression testing of Saffil and chopped A&O3 fiber reinforced aluminum MMCs [12, 13] .
High strain-rate testing
The 15, 20 and 26Vp/, composite samples were compression tested in the P and N directions over the strain-rate range of approximately 1 x 10m4 to 2 x lo3 s -I. The trends in the data were essentially similar for all the V, values although, of course, the 2OVp/o data lay higher than the 15 VP/o and so forth. Consequently, only data for the 15% composites are discussed in detail below and typical stress-strain curves of the composite samples are presented in Fig. 5 , at quasi-static, intermediate and high strain rates. Corresponding flow stress values are seen to increase with increasing strain rate.
The conventional means of presenting the effect of strain rate on the flow stress is to plot flow stress values, at a specific strain, as a function of the logarithm of the strain rate. This kind of representation eliminates experimentally unavoidable fluctuations of the stress value at very high strain rates; however, choice of the specific strain depends on several parameters. For example, it is known that the early, low strain, data obtained from SHPB tests yield unreliable material properties because several microseconds are necessary to achieve conditions of homogeneous deformation. The lower strain rates used in the present SHPB tests, however, produced a final strain of only about 4% and, consequently, 4% was chosen as the comparison strain value for analysis. Results show that 4% strain in this study marks a transition region in work hardening behavior, allowing the inclusion of fiber fracture effects in the subsequent analysis.
The lSV,% P composite sample stress-strain curves of Fig. 5 may, then, be considered in two distinct regions corresponding broadly to (i) an initial region of high work hardening rate until about 4% strain and (ii) a region of relatively reduced work hardening rate. In region 1, increasing strain rate greatly increased the work hardening rate of the composite. In region 2, increasing strain rate reduced the work hardening compared to the initial region. A similar effect of strain rate on the stress-strain curves was also observed for 15Vp/o N samples but the magnitude of these effects was greatly reduced.
The variations of the flow stresses at 4% strain are shown as a function of (the logarithm of the) strain rate in Fig. 6 for the 15 V~YO P and N MMCs and matrix alloy. There is no universally adopted method of defining the strain-rate sensitivity for such tests but, using an approach similar to that of Follansbee 1141, linear interpolation of the high strain rate ( > -1000 s-'1 data yields a reasonable fit to the following equation:
where a(E) is the flow stress at any strain rate, g'. is the stress at a reference strain rate which is taken here to be the quasi-static value, tz is the slope, i.e., a measure of the strain-rate sensitivity, and B is the strain rate. The calculated constants of Eq. (1) for the composite samples and the matrix alloy are given in Table 1 together with corresponding regression constants. The strain- Fig. 6 . Flow stress at 4% strain vs. log strain rate for composite and matrix samples with linear interpoiation. 1 X 10-4-2 x 10" 1 x 10-4-2 x 10" 1 x 10-4-2
x 10" 1 X 10-4-2 x 10' 4 x lo'-2.3 x 10" 1 x 1o-4-1.2x l o3
1 x 1O-4-2.4x lo3 rate sensitivity of the composite, as described by the constant ~2, is approximately double that of the unreinforced matrix alloy. Alternatively, the strain rate sensitivity may be defined in the present context as:
Strain-rate sensitivity = GDY -GQS (2) aQs where cDy and oQs are the dynamic and quasi-static flow stresses at constant strain. Taking a(s) as the dynamic flow stress and co as the quasi-static flow stress and using the data given in Table 1 , the strainrate sensitivity of the composite is again found to be higher than that of the matrix. The highest strain-rate sensitivity is observed in the ISI',% N composite, approximately 0.18 at about 2000 s-i and 4% strain, followed by values of about 0.14 and about 0.12 for 15Vr% P composite and unreinforced matrix samples, respectively.
These results clearly show that, however it is measured, the rate sensitivity of the composite is higher than that of the unreinforced alloy. The observed anisotropic mechanical response of the MMC within the P and N directions has been observed in other studies [7, 12, 15] but the present results show the effect to be more pronounced in compression than in tension.
Microscopy
The critical fiber length (I,), is usually expressed in terms of fiber fracture strength (of), fiber diameter (G!), and the interfacial shear stress, Zi, which is itself frequently approximated as being half the matrix yield stress (Gus). Thus:
In Eq. (3), n is taken as the average fiber diameter, Zi is taken as 65 MPa from quasi-static compression testing and or has been given as 2000 MPa [ll] . With these values, 1, is calculated to be 46 pm, although this is only an approximation since the exact value of the interfacial shear strength and the compression strength of the Saffil fiber are not known. The predicted 1, value is much smaller than the initial fiber length in the MMC and it is, therefore, expected that multiple fiber fracture will occur depending on the relative values of matrix and interface strengths.
Tested composite samples were sectioned and polished along the loading direction for identification of damage formation mechanisms and leached samples were used for observation of the extent of fiber fragmentation. Both quasi-statically and dynamically deformed samples showed extensive fiber fragmentation which was cumulative as the strain increased. In addition, increasing strain levels induced other types of damage.
Fibers parallel, or at a small angle, to the loading axis fractured mostly by buckling and/or shearing. Buckling was more common in the regions where the fibers were relatively closely spaced ( Fig. 7(a) ). Shearing was more common in matrix rich regions and/or where fibers were inclined at a large angle to the loading direction ( Fig. 7(b) ). Fibers normal to the loading direction were also fractured. Closely spaced or adjacent fibers frequently fractured in the same plane because of the absence of matrix to provide effective crack blunting (Fig. 7(c) ).
Although microcracking was not observed in the matrix at small strains, microcracks were found between the fragments of the fractured fibers or the very closely spaced fibers at large strains. The crack path was observed to follow the fractured side of the fibers showing their effect as stress raisers in the matrix. No void formation, which is widely observed in uniaxial tensile testing of short-fiber composites, was observed in the matrix because it is suppressed by the compressive hydrostatic pressure. This is clearly the reason for the high capacity for plastic deformation of the composite samples in compression.
Typical distributions of fibers extracted from untested and tested samples at relatively high strain rates are shown in Fig. 8(a)-(d) . Fig. 8(a) shows fibers extracted from the untested composite sample and, although they are generally long, occasional small fragments are seen which arise during the manufacturing process. Fig. 8(b) and (c) show fibers extracted from the 15 V,% P and N samples tested at about 1 x lo3 s -' to approximately 50% strain. In both samples, fibers are seen to be very heavily fragmented? demonstrating both the effectiveness of load transfer and the homogeneity of deformation in these compression tests. Detailed (b) 20 pm Fig. 7 . Optical micrographs of 15r;'~4 P samples: (a) fiber failure by buckling in sample tested at 1.5 x IO3 s-' to 7% strain; (b) fiber failure by shearing in sample tested at 2 x 1O-4 s-' to 8X strain; and (c) cumulative hber fracture in sample tested at 7 x 10 -' s -' to 8.S% strain.
examination of the figures shows that some fibers were collectively fractured to the smaller sizes while still retaining their original connections to each other even though the total strains involved were large. Fig. S(d) shows fibers extracted from a 15J',.% P sample tested to about 7% strain at about 1.5 x lo3 s-'. The average fiber length is still quite large, showing that, although underway, fiber fragmentation is far from complete at this strain. Similar trends in fiber fragmentation were also observed in samples tested at quasi-static strain rates.
Statistical fiber fragment length distributions for the tested composite samples were obtained by counting at least 2000 fibers in several fields for each sample and the results are shown in Fig. 9 . These samples were tested in the P direction at quasi-static and dynamic strain rates to the strains indicated on the figure, which also includes the untested sample probability/fiber length data. Since fiber length counting for the untested specimen could only be performed on fibers which actually separated from the preform during acid digestion, Fig. 9 probably underestimates the actual fiber length distribution in the untested specimen becduse many of the longer fibers did 1101 detach. Nevertheless, the untested sample's fiber length distribution can be used to give qualitative information in order to estimate the extent of fiber fracture at relatively small strains.
As seen from Fig. 9 , both quasi-static and high strain-rate testing induced increased severity of fiber fracture during compression testing as the strain increased. Fig. 10 shows the median of the fiber fragment length for the samples tested both at quasi-static and dynamic strain rates as a function of strain. The initial region corresponds to region 1 of Fig. 5 , where the strain hardening rate in the composite is relatively high. In this initial region, the median fiber length was rapidly reduced until about 5% strain. Thereafter, in region 2, fiber fracture events proceeded at a reduced rate compared to region 1 up to large strains, e.g., about 33%. The effect of strain rate on fiber fracture can also be seen in Fig. 10 since the medians of the fiber lengths of samples tested at high strain rates are smaller than those of the samples tested at quasi-static strain rates.
Discussion
Previous studies have shown that metallic materials such as copper [14] and aluminum [16] show increased strain-rate sensitivity at strain rates in excess of approximately IO? s-'. This increase in strain-rate sensitivity is interpreted as a change in the deformation mechanism. Below about 10" s-*. deformation is believed to be controlled by thermal activation and the strength of the material increases slowly, if at all, with the strain rate.
(4 (4 Fig. 8 . SEM micrographs showing typical fiber size distribution: (a) untested composite sample 15 r;,!>/,: (b) 15Vi?4 P sample tested at 1 x 10" s-' to about 50% strain; (c) 15 r'?L N sample tested at 1 x 10" s-' to about 5O"/u strain; (d) 151',0/;1 P sample tested at about 1.5 x 10' s-' to approximately 7% strain.
The change of deformation mechanism after about lo3 S -' is interpreted as a result of the increasing importance of a dislocation drag mechanism and the strength/strain-rate dependence becomes linear in this region [17] . This explanation of the strain-rate-dependent strength of common metallic materials applies also to the unreinforced matrix material tested in this study since no appreciable rate sensitivity is observed at strain rates below about 10" s-*. However, the increased rate sensitivity of the composite samples over the matrix alloy cannot be explained with the above description.
The continuum mechanics-based approach to the tensile strength of composites containing one-, two-and three-dimensional random fiber distributions takes the matrix contribution to the composite strength as the product of the matrix volume fraction (V,.J and the matrix stress (G,). The contribution of the fibers is, however, a complex function of fiber volume fraction (I/J. fracture strength of the fiber (ar), fiber length (I) and diameter (d), interfacial shear strength (pi), and an efficiency factor (C) which takes values of 1, 0.5 and 0.25 for one-, two-and three-dimensional fiber distribution cases, respectively [18] . The situation in compression is more complex because of failure modes related to fiber buckling but considering the above parameters, and based upon the rule of mixtures, the strength of the composite (~3 may still be expressed as follows: Gc = VmG~ + CV~ff,~Z(rl. I, pi, Gr)
Assuming initially that gf is strain-rate independent, the only contribution to the composite high strain-rate strength dependence is the matrix itself. The matrix contribution can be calculated as follows: (a) a contribution from the first term due to the increase of the flow stress of the matrix at high strain-rates; (b) a contribution from the second term due to the increase of the interfacial shear stress, pi, which arises from the increased matrix yield strength, with strain rate. The Fiber Length (pm) Fig. 9 . Probability vs. fiber length for lSV,o/, P composite samples tested quasi-statically and dynamically to different strains.
contribution from (a) can be easily calculated using I', and the constants given in Table 1 and is found to be nearly 20 MPa at a strain rate of 2 x lo3 s-' and 4% strain. The increase in matrix stress is not, therefore, sufficient to explain the increase of the composite stress at high strain rates ( * 50 and 48 MPa for 15 VP/o P and N samples, respectively, at 2 x lo3 s -' and 4% strain). The contribution from (b) is hard to calculate at this point since the compressive fracture strength of Saffil fibers is not known. It is clear that an increase in yield stress of the matrix increases the fn(d, 1, Zi, cf) term in Eq. (4) but, again, this increase is expected to be too small to account for the increase of stress in the composite samples at high strain rates. Using the equation for tensile deformation [5] as an approximation:
yields a value of the order of < 4 MPa. Increased strain-rate sensitivity of particulate and whisker reinforced MMCs has also been reported by other authors and several different explanations have been advanced for the increased rate sensitivity of the MMCs over the matrix alloy. For example, Yadav et al. [3] gave two possible reasons: (i) change of the mobile dislocation density due to mismatch strains; and (ii) increased resistance to dislocation motion imposed by reinforcement at high strain rates. In a recent study, Bao and Lin [I 91 used a finite element technique to consider a strain-rate-sensitive matrix containing spherical rigid particles. They found that the local strain-rate distribution in the matrix was quite inhomogeneous and concluded that the increased strain-rate sensitivity of the composite over the matrix was due to the constraining effect of the particles. Their model, therefore, can be extended conceptually to the present case of a short-fiber reinforced composite and provides a convincing basis for qualitative explanation of the present data as follows. As deformation of the composite begins at high strain rates (e.g., 3 1000 s-I), fibers begin to crack, causing large local strains and correspondingly high strain rates within the matrix. Bao and Lin [19] calculate that the local strain rate can reach 5 times the macroscopic strain rate and under these circumstances the matrix is deforming at a strain rate of about 4000 SK', i.e., it effectively enters a strain-rate range where it is very strain-rate sensitive (see Fig. 6 ). Therefore, the strain-rate sensitivity of the composite appears greater than that of the unreinforced matrix because of a significant increase in the contribution of the matrix to the terms of Eq. (4).
Another possible contribution to the increased strainrate sensitivity of the composite is an increase of the compressive strength of the fibers at high strain rates. Lankford [20] found that the compressive strength of polycrystalline bulk Al,O, is rate dependent and increases as the strain rate increases. It is well known that bulk and fiber properties of ceramics can be quite different in terms of strength but there are no data relating to the strain-rate sensitivity of mechanical properties for the fiber form of the ceramic materials. Moreover, the associated fracture mechanisms of AlzO, between static and dynamic strain rates are not well differentiated and, therefore, analysis of the fiber fracture surfaces could not be expected to give information on the effect of fiber fracture events on the strain-rate sensitivity of the composite studied here.
Although several different mechanisms of increased rate sensitivity of MMCs have been proposed, the exact mechanism is most likely a complex function of the properties of matrix, fibers. interface and the extent of the damage formation. The effects of these parameters will also vary according to the type of MMCs, which may contain a strong or weak interface, short fibers or whiskers, etc.
One of the microstructural effects of strain rate on the composite observed in this study was the reduction of the fiber length distribution at high strain rates compared with the quasi-static rates (Fig. 8) . The effect of fragmented fiber length is most marked at the lower strains and a relatively small fiber length is attained at large strains in both quasi-statically and dynamically tested samples. This reduction in the fiber length distribution is believed to occur due to the increase in the strength of the matrix alloy at high strain rates. Assuming all the fiber fracture in the composite proceeded by shearing type failure, from Eq. (3) it is expected that the increased matrix flow stress will induce smaller fiber fragment length as long as the fiber fracture strength is independent of strain rate. The experimental observations confirm this rationale.
Composite samples compression tested at different strain rates showed very large plasticity. Some of the specimens were reloaded in the SHPB in an attempt to induce complete fracture of the samples. Such samples attained strains of 50-60% without complete fracture. However, extensive shear lines were observed on the surface at 45" to the loading axis and small cracks followed these lines. The large plastic strain attained in compression is in contrast to the relatively small fracture strain of the Saffil reinforced aluminum and magnesium alloys tested in uniaxial tension by other investigators [4, 6] .
Microstructural damage analysis of the MMC tested at high strain rates and large strains, however, clarifies several different features of the behavior of MMCs under compression as compared with tension in order to explain the large plasticity of the MMC studied here. In tensile testing of Saffil reinforced aluminum [15] , fiber fragmentation was studied as a function of the distance from the fracture surface and found to increase in severity close to the fracture surface. In that study the minimum fragment length was also about 20 urn but fragmentation only occurred close to the fracture surface, whereas in the present study fragmentation was uniform throughout the sample. Increased fiber fragmentation signals the formation of highly localized deformed regions where fracture usually originates. Microscopic analysis of the fracture sites has further shown that matrix fracture started from fiber clusters PI.
Fracture of the MMC due to localized deformation means that fibers outside the region will not experience their maximum sustainable stress during deformation or until fracture of the test sample. Contrary to tensile testing, matrix cavitation which induces catastrophic fracture is greatly reduced due to the existence of compressive hydrostatic stress. Therefore, in compression, matrix fracture is somewhat delayed, giving time for the long fibers to be reloaded during deformation. This effect can be easily seen from Fig. 10 , where the composite attained a relatively homogeneous and small fiber length distribution around 20 urn at relatively large strains (i.e., 33%) both at quasi-static and dynamic strain rates.
5. Conclusions 1. High strain-rate compression behavior of Saffil short-fiber reinforced Al-l.l7wt.%Cu MMC has been determined. The composite is significantly more strainrate sensitive than the unreinforced matrix.
2. Quantitative metallography on samples tested quasi-statically or dynamically to different strains showed that higher strain rate induced a relatively smaller fiber fragment length distribution in the composite. This supports observations of increased flow stress of the matrix alloy at high strain rates.
3. The strain-rate sensitivity of the composites can be explained by the increased strain rate in the matrix in the vicinity of the broken or breaking fibers.
4. MMC samples tested at quasi-static strain rates show very large fiber strengthening effects depending on the fiber volume fraction and orientation. Samples tested parallel to the planar random array have higher flow stresses than those tested normal to the planar random array and this anisotropy was confirmed to extend into the high strain-rate range ( > -lo3 s-').
5. Microscopic damage analysis showed fiber buckling and shear to be principal damage modes at high strain rates. Despite major damage with increasing strain, the increased plasticity in compression, as compared with the fracture mechanisms in tension, is due to the absence of void growth.
